A modulation-doped SiGe/Si Multiple Quantum Well modulator (MD-MQW) embedded in a reverse biased PIN junction and integrated in a SOI waveguide is described. Experimental evidence of electrorefractive effect is reported and frequency operation is investigated.
Hole concentration variations are responsible for refractive index variations. The device can be integrated in a SOI single-mode waveguide. The effective index variation of the guided mode is then obtained when a reverse bias is applied on the diode.
In order to experimentally demonstrate this electro-refractive effect, the shift of Fabry-Perot cavity fringes has been measured as a function of the bias voltage at 1.55µm in a device based on a SOI slab waveguide formed by the SiGe/Si modulation doped multiple quantum well structure (figure 2). The bottom electrical contact is shifted next to the waveguide. The measured effective index variation may have two contributions: electrorefractive effect due to carrier depletion and thermo optical effect due to device heating. Thermo optical effect is too slow to be used for high speed optical modulation. It is thus important to clearly identify the origin of the index variation. The two contributions have been separated with no doubt [5] . The effective index variation experimentally measured, and the two separated contributions are reported in figure 3 , as a function of the reverse bias voltage on the diode. It can be seen that for a reverse bias of 3 volts, the thermo optical contribution is negligible in comparison with carrier depletion effect. At -3V, an effective index variation larger than 10 -4 is obtained. The effective index variation determines the phase efficiency. As a figure of merit we can use the product V π L π defined by Liao and al [3] . The lower V π L π the better the device. Considering only the electrorefractive effect leads to V π L π = 2.3 V.cm. The SiGe/Si modulation-doped multiple quantum well structure presents a quite good phase modulation efficiency as the overlap between the different local index variation regions and the optical mode can be easily optimized.
To evaluate the frequency performance of the MD-MQW structure, coupled optical/electrical numerical simulations have been performed with the electrical DESSIS-ISE and optical FimmWave-PhotonDesign softwares [6] . The first step is the calculation of the temporal evolution of the hole concentration profile in the full cross-section of the active region, following step variation of the applied bias voltage. Drift-diffusion simulation is performed, including the coupled carrier continuity and Poisson equations, as well as tunneling and thermoionic emission processes at the Si/SiGe interfaces. The overall carrier depletion process is indeed governed by carrier escape/capture from/inside the SiGe/Si quantum wells.
The effective index variations at T=300K with time when an ideal step bias from -6V to 0V and from 0V to -6V are applied on the pin diode are reported in figure 4 . The time evolutions can be properly fitted by exponential function, such as ∆n(t)=A+Bexp(-t/τ), with τ<7.2 et 9.5 ps. A maximal frequency operation can then be inferred: f max =1/2πτ=16GHz. When the modulator is integrated in an optical waveguide, access resistances, in serial with the reverse-bias pin diode capacitor are responsible for RC time constants. The reduction of the capacitor value can be obtained by a reduction of the active region size. To minimize the access resistances, the PIN diode P + and N + region doping concentrations must be increased, but this leads to higher optical losses of the guided mode. A compromise is necessary between optical losses and RC constants. Calculations show that frequency operation up to ten GHz can be obtained, by an appropriate design of the SiGe/Si modulation doped multiple quantum well optical modulator.
In conclusion, a MD-MQW Si/SiGe based optical modulator relying on hole depletion in a reverse biased pin diode is a promising way. An appropriate design of the active region allowing low optical losses and RC time constants is necessary. Modulator performances in terms of modulation efficiency, optical losses, RC constants, etc…will be discussed. High speed integrated devices are under realization.
